representative polymers that exhibit thermally reversible soluble-insoluble change in the vicinity of its lower critical solution temperature (LCST) at 32 C in aqueous solution. [18] [19] [20] PNIPAAm undergoes a sharp phase separation and a coil-globule transition of the polymer chain around its LCST. In water, PNIPAAm chains show an expanded conformation below the LCST due to strong hydration between the amido group in PNIPAAm and the surrounding H2O molecule. In contrast, PNIPAAm changes to a compact form due to strong dehydration, followed by the forming of macroscopic aggregation above the LCST. As shown in Fig. 1 , the LCST could be controlled by altering the copolymer composition. When the NIPAAm monomer is copolymerized with more hydrophobic monomers, such as n-butyl methacrylate (BMA), the LCST is decreased. In contrast, when the NIPAAm monomer is copolymerized with more hydrophilic monomers, such as N,Ndimethylaminopropylacrylamide (DMAPAAm), the LCST is increased.
We have been investigating the modulation of the interfacial property of thermo-responsive polymer grafted surfaces and their interaction with biomolecules. The creation of functional surfaces was achieved by surface modification with PNIPAAm-based stimuli-responsive polymers at the nano-scale level. PNIPAAm-grafted solid surfaces exhibit thermo-responsive hydrophilic-hydrophobic property alterations in response to external temperature changes at PNIPAAm's LCST. End-functionalized polymer chains were grafted to silica beads (grafiting to), or the grafting reaction proceeded by polymerization from the surface (grafiting from). In both cases, a thin polymer layer on the silica surface was formed, which determines the surface properties. Surfaces whose properties dramatically change due to small changes in the environment are called stimuli-sensitive or ''smart'' surfaces. Based on these unique features, we have been investigating PNIPAAm and related temperature-responsive polymers used to generate a thermally responsible separation system. Utilizing a PNIPAAm modified surface for the stationary phase of chromatography, we developed new concept of chromatography, a temperature-responsive chromatography. [21] [22] [23] [24] [25] The preparation of these stationary phases and their many smart applications are reviewed here.
Synthesis of Polymer-modified Packing Materials 25
Polymer grafting appears to be an important determinant in the separation system because the graft configuration of PNIPAAm produced from different grafting methods greatly influences temperature-dependent aqueous wettability changes and the solute elution behavior. Some types of functional surfaces were created by a surface modification method, including terminally, [18] [19] [20] [21] [22] [23] [24] [25] [26] cross-linked, [26] [27] [28] [29] and created polymer brush. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] For modification involving one end of a polymer to a silica surface, the synthesis of PNIPAAm was carried out by radical polymerization using 3-mercaptopropionic acid (MPA) as a chain-transfer agent. Using this method, PNIPAAm-grafted silica beads (3.0 or 5.0 μm of particle size) were activated by standard ester-amine coupling (Fig. 2) . 23 A random copolymer of NIPAAm with reactive comonomers, such as BMA or DMAPPAm, was also synthesized and grafted to a silica surface. This "grafting to" method has an advantage in the point that the physicochemical properties of the polymer chain can be measured before any modification to silica beads.
Using the "grafting from" method, a surface-immobilized azo-initiator and a cross-linker were used to prepare PNIPAAm hydrogel layers with conventional radical polymerization. 40 This method incorporates relatively large amounts of polymer onto the surfaces, and it was relatively simple and easy compared to the PNIPAAm terminally grafted stationary phase. Additionally, a polymer layer formed on silica beads showed resistance to an alkaline solution. 26 Recently, controlled free-radical polymerization techniques have been utilized to synthesize polymers. Nagase [33] [34] [35] [36] et al. reported that a "grafting from" method for PNIPAAm involves high-density PNIPAAm brushes on silica-bead surfaces using a surface-immobilized atom transfer radical polymerization (ATRP) initiator. ATRP could produce a distinct polymer grafted layer from HPLC silica surfaces. These PNIPAAm-and its copolymer-grafted silica were used to produce thermally responsive packing materials, and its applications have been demonstrated for separations in the HPLC mode.
Temperature-responsive Chromatography Utilizing Smart Polymers
The effect of the column temperature was investigated on a poly(NIPAAm-co-BMA5%)-modified silica (particle size, 5 μm; pore size, 12 nm) column using five steroids. Milli-Q water as a sole mobile phase was used, and the separation of steroids was achieved by changing the column temperature from 10 to 50 C. As shown in Fig. 3 , the retention behavior an which temperature depended was confirmed. The retarded retention times were observed with increasing temperature. Although the steroids were not resolved at temperatures lower than the LCST, an excellent resolution was obtained above the LCST. With increasing temperature, an increased interaction between the hydrophobic steroids and poly(NIPAAm-co-BMA5%)-grafted surfaces of the stationary phases was observed. In contrast, in the conventional RPLC system, the opposite behavior of the decreased retention times was observed with increasing temperature. A temperature-dependent resolution of steroids was achieved using only water as a mobile phase on the poly(NIPAAm-co-BMA5%)-modified column. Also, steroids with the larger hydrophobicity showed longer retention times. It was considered that the hydrophobic interaction between hydrophobic analytes and the stationary phase is of great importance in the separation mechanism.
The effects of temperature-programing on the elution profile of the PNIPAAm-modified stationary phase were investigated. 22, 41 As the temperature was raised, the surface property of the stationary phase changed from hydrophilic to hydrophobic. The retention on the PNIPAAm-modified stationary phase remarkably changed upon changing the temperature. Optimization of the analysis was attempted regarding two components: levonorgestrel and ethinylestradiol of an oral contraceptive using a linear temperature gradient. The chromatograms of levonorgestrel and ethinylestradiol of an oral contraceptive that was obtained at 15 C, 40 C and with a linear temperature gradient are shown in Fig. 4 . The retention time of levonorgestrel with a lower hydrophobicity (log P = 2.871) hardly changed at 15 C and 40 C. To move strongly retained components, such as ethinylestradiol with a higher hydrophobicity (log P = 4.017), of the oral contraceptive and to optimize the analysis, we used a temperature-programming technique. The analytical time was reduced, and an excellent resolution of the oral contraceptive was achieved using a single mobile phase of water, and by controlling the external temperature from 40 to 15 C. By programmed temperature changes, a solvent gradient elution-like effect could be achieved with a single mobile phase. These results indicated that rapid changes in the polymer hydration state around the polymer's transition temperature caused a drastic and reversible property alteration of PNIPAAm-terminally grafted surfaces from hydrophilic to hydrophobic. 42 Temperature-dependent elution profiles were modulated by changing the grafted PNIPAAm chain property with a constant aqueous solution as the mobile phase. Temperature-responsive chromatography is performed with an aqueous mobile phase without using an organic solvent, such as methanol or acetonitrile, which are used in reversed-phase LC (RPLC). We achieved temperature-dependent separations of steroids and amino acids using only water as a mobile phase on the PNIPAAm-modified column.
Furthermore, temperatureresponsive chromatography could achieve the separation of proteins under mild elution conditions, such as a physiological condition. RPLC is one of the most widely used chromatographic techniques in the separation, purification and study of peptides. The most common mobile phase used in the RPLC of peptides and proteins involves an aqueous acetonitrile solution including 0.1% (10 mM) trifluoroacetic acid (TFA). Denaturation and a loss of biological activity are unavoidable consequences of the elution process. Thus, these conditions should be avoided when working with most proteins. Thus, temperature-responsive chromatography, which can change the properties for HPLC by changing only the column temperature, have advantages in maintaining the biological activity of proteins and in reduced pollution from an organic solvent.
Application to the Separation of Nucleotides
Generally, bioactive substances, such as peptides and protein and nucleic acids, are separated by reverse-phase chromatography, ion-exchange chromatography, and their combinations. This is because they have both a charge and a hydrophobic property.
We constructed novel pH-and temperature-responsive ternary copolymers of NIPAAm introduced (diethylamino)ethyl methacrylate (DMAEMA), which is a cationic monomer as an ion-exchange group and butyl methacrylate (BMA) as a hydrophobic monomer. Copolymer containing DMAEMA has been reported by Kim et al. 43 as the pH sensitivity of the LCST. Moreover, there have been several reports concerning the pH dependence of LCST. Hoffman et al. 44 examined the LCST of a copolymer of NIPAAm with acrylic acid (AAc), and showed that the LCST increased with an increase of the pH of the buffer solutions used. Kobayashi 28, 45 reported the effect of pKa and the zeta-potential of the N,N-dimethylaminopropylacrylamide (DMAPAAm) as the ion-exchange group introduced into the NIPAAm copolymer. DMAPAAm is a cationic monomer similar to DMAEMA. In the case of positively charged NIPAAm and DMAPAAm copolymer, the amine pKa decreased with increasing temperature, a drastic decrease in pKa was observed; especially around the LCST. Furthermore, the zeta potentials of copolymer-modified beads decreased, and became negative above the LCST. The analysis of adenosine nucleotides (adenosine-5′-monophosphate, AMP; adenosine-5′-diphosphate, ADP; adenosine-5′-triphosphate, ATP) was proposed by utilizing a poly(NIPAAm-co-BMA-co-DMAEMA) hydrogel-modified silica as the stationary phase. As shown in Fig. 5 , the separations of nucleotides with a difference in the number of anionic phosphate units were achieved under isocratic conditions. The retention times increased with increasing numbers of the phosphate units at the column temperature studied. In an analytical phosphate buffer solution (pH 7.4), the phospho group is deprotonated, and indicates the anionic property. The electrostatic interactions between the adenosine nucleotides and the charged moiety on the stationary phase should cause increased retention below the LCST. By increasing the column temperature above the LCST, charged groups may be immersed in the hydrophobic polymer chain, and the reduced electrostatic interaction causes decreased retention times. The property of the surface of the copolymer grafted stationary phase altered from hydrophilic to hydrophobic and from charged to non-charged due to changes in the temperature. It is possible to expose and hide ion-exchange groups on the polymer chain surface by changing the temperature. These phenomena were the same as phospho-amino acid or phosphopeptide analysis derived from an electrostatic interaction between the cationic stationary phase and the anionic phospho group in the oligonucleotides. 46 Dual pH-and temperature-responsive chromatography would be very useful for the separation of biomacromolecules and their purification as well as nucleotides.
Effect of a Polymer Containing a Molecularrecognition Site on the Separation Selectivity in Temperature-responsive Chromatography
In analytical sciences, the aromatic interaction has been used as one of the separation modes. In fact, useful HPLC-column containing the phenyl-stationary phase is available. 47, 48 The main advantage of using phenyl-stationary phases is an ability to resolve compounds using the π-π interaction, commonly referred to as aromatic selectivity. We synthesized novel functional polymer poly(N-isopropylacrylamide-co-N-acryloyl-3-(2-naphthyl)-L-alanine methyl ester), poly(NIPAAm-co-Nap), which has temperature-responsiveness and selective retention of aromatic compounds by an intermolecular π-π interaction. 49 Poly(NIPAAm-co-Nap2.7%) showed a lower LCST (25.8 C) than that for homogeneous PNIPAAm. We chose aromatic steroids (estradiol and ethynylestradiol), and non-aromatic steroids (norethisterone and norgestrel) as the analytes. Figure 6 shows typical chromatograms of a mixture of steroids obtained using a poly(NIPAAm-co-Nap) modified column. Above the LCST, a good peak resolution of each steroid was obtained on a poly(NIPAAm-co-Nap)-grafted silica column. Furthermore, comparing with that on a PNIPAAm-grafted silica column, significant increases in the retention time of an aromatic steroid were observed. These observations would be due to the π-π interaction between the aromatic component of both analytes and the polymer. 49 The introduction of proline, a kind of amino acid, also leads to the production of a molecular-recognition type polymer. The poly (acryloyl-L-proline methyl ester)-modified stationary phase showed greater affinity for hydrophobic aromatic amino acids than the PNIPAAm-modified surface. 50 On a proline-derivative based polymer modified stationary phase, the retention of PTH-aromatic amino acids were dramatically increased, derived from the CH-π interaction. Figure 7 shows the effects of the introduction amount of proline derivative in a PNIPAAm copolymer on the retention factor of PTH-amino acids and steroids. Compared with steroids, hydrocortisone (HC) and testosterone (TES), the retentions of aromatic amino acids, such as phenylalanine (Phe), tryptophan (Trp) and Tyrosine (Tyr), were significantly increased with increasing proline contents of the copolymer. We are currently conducting studies to utilize a thermo-responsive polymer carrying amino acid ester residue for the chiral stationary phase.
Conclusions
We developed a novel chromatographic system in which the surface properties and function of the HPLC stationary phase are controlled by external temperature changes without changing the mobile-phase composition. The electrostatic or hydrophobic interaction modes could be modulated by only changes in the column temperature below or above the polymer phase-transition temperature in dual temperature-and pH-responsive chromatography.
By introducing an amino acid based comonomer in the PNIPAAm, a novel separation system available for dual characteristics of temperature-responsibility and molecular recognition was achieved. Further research about the separation of biomolecules and pharmaceuticals by temperature-responsive smart packing materials utilizing a multi-functional polymer is now progressing in our laboratory.
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